We have developed a hygromorphic metal oxide actuator using an electrochemical method to produce a superhydrophilic freestanding nano-capillary forest of titanium oxide with a high aspect ratio (~80). This metal oxide film has an inhomogeneous initial gap at the top and bottom surfaces between the tubes due to flexure during fabrication. The actuation mechanism is as follows. First, when a drop of water is applied on the surface of a titanium oxide nano-capillary forest (TNF), the water penetrates through the film instantaneously, and the titanium oxide nano-capillaries are pulled together by interplay of the capillary force and van der Waals force. When water has fully filled in the gaps between the capillaries, the free-standing TNF film remains unbent for~2 min. Then, as the water evaporates, the film bends further in the forward direction. When the water has completely evaporated, the van der Waals force alone acts on the capillaries, and the TNF film returns to its initial state. This TNF possesses great stability and repeatability for long-term usage having a high bending energy density of~1250 kJ m -3 and unique capabilities. It may lead to novel stimuli-responsive systems, including energy collection and storage, as well as robotics applications.
INTRODUCTION
Among the mechanical systems desired for many engineering applications, highly sensitive actuating devices are important. 1 Reversible and controlled two-or three-dimensional shape changes in response to external stimuli are the key characteristics of actuating devices such as cantilever sensors, artificial muscles, and even micro-robotics using smart materials and structures. [1] [2] [3] [4] [5] [6] [7] These types of actuators may respond to external stimuli such as humidity, temperature, electric fields, light, solvent composition or pH. [2] [3] [4] [8] [9] [10] [11] [12] Recently, polymeric actuators that produce a rapid mechanical motion in an efficient way have been developed. 1 Nevertheless, non-polymeric actuators, except shape memory alloys, remain challenging to deform using external stimuli.
Various arrangements of material structures of many lengths work in concert to perform diverse mechanical functions. For example, hygromorphic structures in nature, such as the passive movement of pinecones or wheat awn and the dispersal and self-burial of seeds, accomplish vital tasks for an organism's survival. [13] [14] [15] These hygromorphic structures can possibly exhibit high energy densities and therefore can potentially play important roles as the building blocks for external stimuli-responsive materials that are efficient energy converters and actuators. Here, we have developed a new hygromorphic metal oxide film capable of actuation, which is moved by fluid imbibition within a nano-capillary forest. This hygromorphic system is distinct from most of the reported hygromorphic actuating mechanisms such as the swelling of polymers by water, and multi-or bilayer platforms. 3, 4, 7 The actuating nano-capillary forest structure described here is made of superhydrophilic titanium oxide, and motion is triggered by water flow to produce structural transformation. The research results below suggest that this actuating nanostructure can improve humidityresponsive polymer actuators, high-efficiency energy converters and other applications.
MATERIALS AND METHODS

Synthesis of titanium oxide nano-capillary forest
Potentiostatic anodization of 0.25-mm-thick Ti foils (Nilaco, 99.99% purity) was performed at 60 V and 25°C for 3 h in an ethylene glycol electrolyte (Sigma-Aldrich, 293237) containing 0.4 wt% NH 4 F (Sigma-Aldrich, 216011) and 1 wt% deionized water using a platinum cathode (Nilaco, 99.99% purity). Before termination of anodization, the voltage was immediately decreased from 60 to 0 V within 1 s. After electrochemical etching, the nano-capillary forest was rinsed several times with ethanol and deionized water. After this rinsing, nitrogen was gently blown over the nano-capillary forest film. The large layer of cylindrical nano-capillary forest film having flexure was naturally detached during the gentle blowing procedure. Afterwards, it was kept in the vacuum desiccator for enough time (at least a day) before the experiment to completely dry and avoid chemical deposition on the film. Despite the possibility of residue forming inside the nano-capillary forest, the film was completely dried in the vacuum environment due to the high vapor pressure of the nano-sized water interface. The titanium oxide nano-capillary forest (TNF) was used immediately after complete drying.
Water-reactive actuation
One edge of a free-standing film was fixed between two glass slides covered with hydrophobic tape. Then, we placed a 5 μl drop of deionized water onto the film using a syringe. The water evaporated naturally under atmospheric conditions. The actuation angle of the film for each cycle was observed using an optical charge-coupled device (CCD) camera (Manta, MG 282C IRC). To demonstrate the energy density of a free-standing metal oxide film, we measured the generated mechanical force of a TNF film using a piezoelectric load cell (Ohaus, EX224G) after a 5 μl drop of deionized water was placed onto the dried free-standing film.
ESEM measurement method
We have documented capillary imbibition on the TNF structure using an environmental scanning electron microscope (ESEM, Quanta, FEG-250). The samples were mounted on a Peltier cooled specimen holder using double-sided copper tape for high heat conduction. The chamber pressure condition for condensation is over 700 Pa. Once the pressure is below 745 Pa, water condensed on the Peltier substrate and imbibed into nano-capillary gaps.
Energy-dispersive X-ray spectroscopy and X-ray diffraction results for TNF for analysis of the crystal structure
The energy-dispersive X-ray spectroscopy (EDX, Oxford, X-Max) and X-ray diffraction (XRD, Bruker, D8 discover) results show that the electrochemically produced free-standing nano-forest film (TNF) consists of the anatase crystal structure titanium oxide (Supplementary Figure S2) . EDX was conducted for 60 s to obtain high accuracy. XRD scans were performed every 1 rotating degree from 0 to 90°.
Tensile and bending stress measurements
We measured the tensile and bending stresses using a tensile compression tester (Instron, model 3343) with a 5 N load cell to characterize the elasticity of the TNF film. The tensile modulus was measured by pulling the TNF film after gripping both ends. The three-point bending test was conducted to measure the bending stress of the TNF film. Because the TNF film has different top and bottom surface characteristics, we measured its bending stress in two different directions (on the top and bottom surfaces).
RESULTS AND DISCUSSION
A free-standing film of titanium oxide with an anatase crystal structure ( Figure 1 ) and a high aspect ratio (length/radius~80) has been developed in the form of nano-capillaries that are produced using electrochemical methods. The fabrication procedure is described in the experimental section and Supplementary Figure S1 . EDX and XRD results confirmed the composition and crystal structures (Supplementary Figure S2) . The fabricated free-standing film is curved ( Figure 1a ). The closed-end cylindrical nano-forest structure, including the side, top, and bottom, are analyzed using scanning electron microscopy (SEM); Figures 1b-d. The capillaries are well aligned with an 8-μm length ( Figure 1b) on average, and the gaps between capillaries are~5-20 nm. As shown in Figure 1c , the top side of the film has an open geometry, and the average inner and outer diameters are~100 and 135 nm, respectively. Between the capillaries, there are gaps where water can flow through the film. The bottom side of the films, which is shown in Figure 1d , has closed-end caps, and the average outer diameter is 158 nm, with gaps between capillaries similar to those on the top. The gaps along the top side are wider than those at the bottom. This curved nano-forest has a superhydrophilic property with a contact angle of less than 3°(Supplementary Figure S3) .
A schematic of the flow phenomenon within the titanium oxide nano-capillary forest (TNF) film as water flows through the gaps between the capillaries is shown in Figure 2a . Water flows from one side to another through gaps between closed-end capillaries, as shown by the red arrow. The 5-20 nm gaps between capillaries imbibe water by a strong Laplace pressure. 16 Obviously, water imbibes into closedend capillaries but cannot flow through, as shown by the blue circle. 17 We have documented this water transport using an environmental scanning electron microscope (ESEM, Quanta, FEG-250). The chamber pressure conditions for dry and wet surfaces are, respectively, below 700 Pa (Figures 2b and c) and over 745 Pa (Figures 2d and e) . Once the pressure reaches 745 Pa, water condenses on the top surface of the TNF, as shown in Figure 2d . This water flow through the film is observed at the bottom side in Figure 2e and clearly shows that the nanometer-sized open gaps (red circles of Figure 2c ) were filled with water since the black voids disappeared in Figure 2e under wet conditions. Additionally, the partially imbibed water in the closed-end capillary does not change the diameter of the titanium oxide tube, as shown in Figures 2b and d . Thus, we can presume that this partial imbibition does not alter the actuation. These ESEM experimental results are a significant clue for understanding the mechanism for our synthetic TNF actuator.
The mechanism leading to the reversible bending and unbending of the TNFs relies on the interplay of the interfacial force and the van der Waals force when the material is hydrated or dried. These forces play an important role in stabilizing the TNF's form when it is actuated by water. If there is no water, the surface tension is zero, and the capillaries are stuck together by the van der Waals force. Using a scaling analysis, the competition between the interfacial force and the van der Waals force is analyzed. To simplify, the interaction between two capillaries is considered. The van der Waals force per unit width of two capillaries, F v , is scaled as
, where A is the Hamaker coefficient (~10 − 19 N m), L c and r are, respectively, the length and radius of the titanium oxide capillaries, and d is the average gap between the capillaries. The capillary force per unit gap between capillaries, F w , is scaled as F w ≈γL c rcosθ/d, where γ is the water surface tension coefficient between liquid and air and θ is the contact angle of the liquid with the titanium oxide tube surface (~3°). The force ratio (F w /F v ) is higher than~10 3 . This large enough force ratio confirms that the interfacial force is the dominant force for actuation. The capillary size is dominantly affected by imbibition rather than by surface tension and contact angle variation, with a minor influence during hydration because F v is still very small even if F w varies by surface tension and contact angle. When water is completely dried, F w = 0 due to the absence of an air-water meniscus and the van der Waals force acts to return the TNF to its initial shape.
Many cycles of actuation were observed by repeating experiments under controlled temperature and humidity. A TNF, 10 mm wide and 60 mm long, was placed in a high-precision environmental control unit (Daeyang, TH-180S) at 25°C and 40% relative humidity. One edge of the free-standing film was fixed between two micro glass slides covered with a hydrophobic tape, and then a 5 μl water drop was placed on the TNF. The time-dependent deformations of the freestanding film were analyzed using optical image correlation (Figure 3a and Supplementary Movie 1). The measured angle versus time and its reproducibility are shown in Figure 3b and the inset, respectively. The sequential addition of water drops, which subsequently evaporate, show a repeating bending/unbending response without any fatigue. We made multiple TNF films, and all of them actuated, although the actuating angle varies depending on factors such as the length of the nano-capillary, the length of TNF film and the initial curvature of the TNF film.
The inhomogeneous initial gap on the top and bottom of TNF between the tubes due to the flexure of the film gives one of the key mechanisms of actuation. The actuation mechanism can be divided into four steps. First, when a drop of water is applied on the surface of TNF, the water penetrates through the film instantaneously by strong capillary force between gaps. The titanium oxide nano-capillaries are pulled together by interplay of the capillary force and the van der Waals force while water spreads along the TNF surface and imbibes through it until the deflection angle from the vertical reaches~55° (  Figure 3c-step I) . For example, when a drop of water is applied on an impermeable surface of low contact angle, the water is expected to spread approximately according to Tanner's law of R(t)~t 0.1 , where R is the radius and t is the time. 18 In this research, since the nanocapillaries are stabilized by the van der Waals force and the film is permeable, the directional spreading in the width direction and along the length is faster, R(t)~t 0.5 (reminiscent of Washburn's law (Supplementary Figure S4) ). From the bending motion, the timescale for the first deformation regime is approximately 10 s. We believe that this timescale is set due to the slow spreading over the surface through the porous film following Washburn's law. In addition, as water spreads on the surface, it rapidly imbibes through 5-20 nm gaps of the films. 19 It follows that the pressure of imbibed water (P water ) is lower than atmospheric pressure (P atm ) since the surface of TNF is superhydrophilic. Once water imbibes through the film, the capillaryproduced pressure difference, or internal stress distribution, pulls the outer surface of each capillary to produce bending. When water has fully filled in the gaps between the capillaries, the free-standing TNF film remains unbent for~2 min (Figure 3d-step II) . Then, as evaporation of water proceeds, the film bends more to~100° (  Figure 3e-step III) . As shown in Figure 3b , the response speed of step III of actuation is slower than that of step I since the water evaporation rate is slower than the rate of water spreading and imbibition. In the case of dehydration, the drying direction by flexure of film is important with the narrow gaps drying earlier due to high vapor pressure by meniscus. This makes the actuator move even forward. When water fully evaporates, the van der Waals force alone acts on the capillaries, and the TNF film returns to its initial state (step IV). During actuation, the asymmetrical width-directional spreading and drying of water on the TNF film cause out-of-plane twisting motion.
To demonstrate a potential application of actuation of the freestanding film, we estimated the mechanical energy as an energycollecting cantilever system. When the steps of water imbibition and evaporation are repeated, the free-standing film bending and unbending cause a mechanical force, as shown in Figure 4a . During an actuation cycle, the generated force varies and reaches a maximum of 0.62 mN as measured by a load cell (Ohaus, EX224G). In fact, onlỹ 15 mg of the titanium oxide nano-capillary films generated a larger force than most other actuating devices on a per mass basis. [20] [21] [22] [23] [24] Because the strain energy varies throughout a body, it is convenient to use the concept of strain energy density, which is a measure of how much energy is stored in small-volume elements throughout a material. To calculate the energy density of the free-standing TNF film, we assumed that the film is a uniform geometry in the form of an end-loaded cantilever of length L and calculated the strain energy for normal stresses acting in the elastic material upon deformation by a steadily increasing force F. The work done in extending the cantilever by a small amount, dx, is stored as elastic strain energy U, given as U = Fdx. In the case of linear elastic deformation for a cantilever subjected to a bending load, the stress is σ x = My/I, where M is the moment, I is the area moment of inertia and volume is dV = dAdx. Then, the elastic strain energy U ¼ R s
The Young's modulus of the TNF film is directly measured as 700 ± 126 MPa (Supplementary Figure S5 , Instron, model 3343). Since bulk TiO 2 has a very large Young's modulus of~230-280 GPa, the low tensile Young's modulus value provides evidence of its elasticity coming from the gaps between capillaries. For bending stress, we measured in two Hygromorphic actuator by nano-capillary forest H Kang et al Figure S6c) , the maximum bending stress was found to be 8.25 MPa. Obviously, the different bending stress is attributed to the gap distance difference for both surfaces. The calculated average strain energy density (energy/ volume) of the TNF film was remarkably high, U/Ṽ 1250 ± 323 kJ m -3 . Figure 4b compares the estimated energy densities and strain responses of the TNF film with typical values reported for materials frequently used or studied in the context of actuators and stimuli-responsive materials. [20] [21] [22] [23] [24] At this point, even though this TNF actuator has a much lower energy density than a shape memory alloy, it still shows a relatively high energy density compared to other actuators with sustainability and repeatability. Since this actuator uses a new hygromorphic actuating mechanism, it could be a useful actuator once the obstacles, such as response time and actuation speed, are solved.
CONCLUSION
In this paper, we have successfully fabricated a hygromorphic actuator from a titanium oxide nano-capillary forest film that has structural and compositional features capable of actuation. The TNF film actuates by water spreading on the surface with imbibition through it and subsequent evaporation. When water is imbibed through a film, the actuator starts to bend, and during evaporation, it moves forward and then returns to the original structure when the water completely evaporates. The actuating timescale is set due to the slow spreading over the surface through the porous film according to Washburn's law. The deformation is repeatable with a relatively high energy density of~1250 kJ m -3 , and this nano-capillary forest has unique capabilities that may lead to novel stimuli-responsive systems, including energy collecting and storage as well as robotics applications. Hygromorphic actuator by nano-capillary forest H Kang et al
